Digestion of chromatin with DNase (nucleate 3'-oligonucleotidohydrolase, EC 3.1.4.7) releases 11-12S nucleoprotein particles. After extensive nuclease digestion, the DNA in these particles consists of a collection of eight discrete DNA fragments. When these nuclease-particles are treated with trypsin (EC 3.4.21.4), only 20 to 30 amino-acid residues are cleaved from histone Nterminals, the histone C-terminal segments being resistant. The resulting 5S nucleoprotein particles have now been shown on acrylamide gels to consist of a series of eight discrete DNA-containing bands. Four of these bands contain C-terminal cleavage fragments from four histones (III, IV, Ib2, and Ilbi) tightly bound to them; a fifth contains fragments from only histones III and IV. The remaining three bands contain only DNA. Since these protein-free DNA bands were resistant to nuclease prior to trypsin treatment, they were presumably associated with histone N-terminal segments in the native structure.
The DNA in chromatin is digested by staphylococcal nuclease (nucleate 3'-oligonucleotidohydrolase, EC 3.1.4.7) into eight discrete, limit-digest DNA fragments (1, 2) , which range in size between 45 and 145 base pairs. Yet, partial staphylococcal nuclease digestion results in the appearance of transient DNA fragments of 200 base pairs or integer multiples of that size (3, 4) . A reasonable interpretation of these findings is that these larger transient segments are generated by a regular arrangement of very accessible, DNase-sensitive sites, while the eight bands of the limit-digest are generated by the further digestion of less accessible but discrete sites within each 200-base-pair repeat. Recent electron microscope data has shown that "bead-like" structures occur at regular intervals of about 200 base pairs along the extended chromosome fiber (5) . It is thus tempting to consider that the initial nuclease cut is between these so-called "nu" bodies (5) , and that further digestion introduces a limited number of specific cuts within each "nu" body.
Exhaustive treatment of chick erythrocyte chromatin with trypsin (EC 3.4.21.4) results in the complete digestion of histones I and V and the cleavage of only 20 to 30 amino-acid residues from the positively charged N-terminal parts of histones III, IV, IIb2, and (possibly) IHbl (2) . In this comAbbreviations: ST, produced by treatment with staphylococcal nuclease followed by trypsin; TS, trypsin followed by nuclease. munication I describe and analyze a series of discrete subchromosomal particles generated after trypsin cleavage of nuclease-treated chromatin. The results indicate that the majority of DNA in the cell behaves as if it were crosslinked by histones.
RESULTS

Sub-Chromosomal Particles Obtained after Trypsin Digestion
of Nuclease-Treated Chromatin. Sahasrabuddhe and Van Holde (6) and Noll (4) have shown that treatment of chromatin with staphylococcal nuclease releases as a major product a highly condensed 11-12S sub-chromosomal particle containing both DNA and protein. When this particle is treated with trypsin, it sediments at about 5-6 S (6) . I have confirmed these observations. Moreover, the pattern of trypsin digestion of the histones from nuclease-digested chromatin is indistinguishable from that obtained with intact chromatin (2) . Thus, with progressive trypsin digestion, histones I and V are first completely digested, followed by the removal of 20 to 30 amino acids from the N-termini of histones III and IV and then by the removal of about 20 to 30 amino acids from histones IIb2 and Ilbi. The transition of the 11S nucleaseparticle to a 5S species occurs when the N-termini of histones III and IV are cleaved by trypsin. This indicates that at a minimum the integrity of histones III and IV is required for complete folding of each nuclease-particle.
I have now extended these observations by analyzing the trypsin digest of nuclease-treated chromatin by electrophoresis through polyacrylamide gels. Chromatin was extensively digested with nuclease and the reaction stopped by adding EDTA to 2 mM. The resulting 1iS particles were then treated with increasing concentrations of trypsin and the products were loaded directly onto 6% acrylamide gels (7).
After electrophoresis, the DNA was stained with ethidium bromide. Fig. 1 shows the complex pattern obtained by treating the nuclease-particles with increasing concentrations of trypsin. I refer to these sub-chromosomal particles as "ST" particles (for staph followed by trypsin). Before Chromatin was isolated and digested with increasing concentrations of trypsin for 30 min at 37°. One volume of 1% sodium dodecyl sulfate, 2% 2-mereaptoethanol was added and 20 ,.d aliquots were loaded directly onto 15% dodecyl sulfate/acrylamide gels (2) . The upper panel shows the stained gel. The lower panel shows an autoradiograph of the same gel. Note that Ilbi contains no methionine. The differences in density between corresponding areas of the stained gel and areas of the autoradiograph probably reflect positions where Ilbi limit-digest histones are present. The concentrations of trypsin (pg/ml) from right to left are: 0, 5, 10, 25, 50, 75, 100, 200, 250, 300, 400, 500, 0. The small amount of radioactivity migrating near the tracking dye is digested very early and probably comes from non-histone proteins. The amount of methionine in III and I1b2 is about the same, but twice that in IV, indicating the fact that IV has only 1 methionine and III and 1Ib2 each contain two methionine residues. No methionine is detected in histone I by this procedure.
absence of histone I and V results in the same ST pattern as shown in Fig. 1 . Since the generation of the ST pattern is, therefore, independent of the presence of histone I and V, the cleavage of these histones is unlikely to be the source of the protein-free, ST-DNA-) An Correspondence between TS particles and ST particles. To generate TS particles, chromatin (A260 = 20) was digested with trypsin (300 ,ug/ml; 30 min; 370), the reaction was stopped with trypsin inhibitor, -and the sensitive DNA was digested with nuclease as described in the legend to Fig. 1 . ST particles were generated as described in the legend to Fig. 1 . The ST and TS particles were loaded without fixation onto 6%O acrylamide gels and run for 1.5 hr at 150 V, in a slab apparatus. The gels were then stained with ethidium bromide. Staining of the TS particles with Coomassie blue showed that all particles contained protein. Note that as ST-3 is heterogeneous, so is TS-1.
directly onto 15% sodium dodecyl sulfate/acrylamide gels (2).
Fig. 2 shows the stained pattern of histones and histone cleavage products as well as an autoradiograph of the same gel.
The amount of radioactivity associated with the undigested histone controls (III, IIb2, and IV, since I and Ilbl have no methionine) was determined by elating the protein from the gel and comparing the radioactivity to the amount associated with the high-molecular-weight trypsin-resistant cleavage products. (I\laterial that ran within 2 cm of the tracking dye was not included.) From three separate experiments done in duplicate, the amount of radioactivity lost from histone was no greater than 9 ± 4%. Since methionine is located only in the C-terminal part of three major histones, complete degradation of a significant sub-population of histones appears very unlikely.
Are Protein Rearrangements Induced by the Nuclease Treatment? In order to test the possibility that proteins rearrange by sliding during the nuclease digestion, the enzyme treatments were reversed, i.e., chromatin was first treated with maximal level of trypsin and then with nuclease (generating trypsin-staph particles, denoted as "TS"). Fig. 3 demonstrates that to a great extent the same particles are obtained and thus that symmetry is conserved. As would be expected, the free DNA defined by ST-6, 7, and 8 is absent from the T-S pattern. Moreover, TS-1, 2, and 3 correspond to ST-3, 4, and 5, respectively. It, therefore, seems likely that these particles are present in the native chromatin, and not induced by histone rearrangements during nuclease digestion, since the histone C-terminals would be unlikely to rearrange identically to whole histones.
However The protein to 1)NA ratio in each "ST" particle was estimated with a labeling procedure. Erythroblasts were labeled with [14(lthymidine and [3H]leucine and the 14C/3H ratio was determined in chromatin and in the various ST particles eluted from the gel. For those particles that contain protein, the ratio was not significantly different from that obtained from total chromatin, indicating that the particles corresponding to ST-1, 2, 3, 4, and 5 (and TS-1, 2, and 3) have a DNA to protein ratio of about 0.9. of 25 AMM CaCl,, they are completely absent when rerun on a second acrylamide gel, whereas undigested ST-i and 2 run true. As controls, the eluted ST-3, 4, and 5 remain resistant to nuclease when similarly re-exposed to nuclease. Moreover, exposure of unfractionated ST particles to nuclease yields a pattern identical to that obtained from TS particles. Thus, the DNA associated with ST-i and 2 is sensitive to nuclease after, but not before, trypsin treatment. The proteins associated with these fragments could thus be either a unique subset of histones or histones present in a unique conformation. This will be discussed later.
Protein and DNA Composition of the ST and TS Particles.
In order to identify the large molecular weight histone fragments associated with these particles, individual TS and ST bands were eluted from the gel, precipitated with trichloroacetic acid, iodinated with 125J, digested with trypsin, and mapped as previously described (2) (Fig. 4) 
NH2
A DNA band is thought to be protected by histone N-terminals if it becomes sensitive to nuclease after trypsin treatment (2) or if it is released as free DNA after trypsinization of the IlS nuclease particles (Fig. 1) . A DNA band is thought to contain histone C-terminals if it is protected from nuclease after trypsin treatment or if it is associated with limit-digest histone fragments in the ST or TS particles. DNA-1 and 2 are thought to contain histone C-terminals because they are associated with these fragments in ST-1 and 2. They are also thought to contain histone Nterminals since they are sensitive to nuclease after N-terminals are released by trypsin. A distinct ST particle corresponding to DNA-3 is not invariably observed. In about 30% of the analyses, a free DNA fragment corresponding to DNA-3 is observed on ST gels. No obvious explanation for this variability is apparent except that the EDTA may not fully inactivate the nuclease. In any event, DNA-a is listed as being associated with histone Nterminals because it is digested after trypsinization of chromatin (2) . Since DNA-7 is released as free DNA (as ST -7) and is also present in protein associated DNA (as ST-5), it is likely that there are two classes of fragments that migrate as DNA-7, one class binds histone N-terminals and the other binds histone C-terminals. Particular pairs of C-terminal and N-terminal binding sites combine to yield DNA molecular weights of about 150 base pairs. Thus, the sums of DNA-3 and 7, 4 and 8, and 5 and 6 add to 165, 143, and 148 base pairs, respectively. This is quite close to the 170 base pairs Noll (4) obtains for partial nuclease digestion and is consistent with the idea that extensive nuclease digestion splits each 170 base pair DNA segment into two small segments.
Assuming that each ST fragment is homogeneous, I conclude that, in general, histones III, IV, IIb2, and Iblb are all located as a group over extremely short distances of DNA (45 to 145 base pairs) in the nuclease particles. This is consistent with the fact that isolated histones can interact with each other in a very defined and often complex manner (9) (10) (11) (12) .
The DNA fragments associated with the individual ST and TS particles were purified and their electrophoretic mobilities were compared (Fig. 5) to the eight purified DNA fragments obtained from the staph nuclease limit-digest of chromatin (1, 2) . Table 1 is a summary of the correspondence between the various DNA bands, the various ST bands, and the TS bands. Each ST particle contains only one size class of DNA molecules. I have also indicated in Table 1 whether the band behaves as if it contains histone C-terminals or Nterminals, or both. Individual ST particles were eluted from gels, and the DNA was isolated as previously described (2), and rerun on 6% acrylamide gels. Mobilities were compared to those obtained for the DNA fragments obtained from a total nuclease digest of chromatin. The results for ST and TS fragments are given in Table 1 . From right to left are the DNA components associated with ST-1, 2, 3, 4, 5, 6, 7, and 8. The DNA associated with ST-6 is poorly visualized. Longer exposures indicate that it corresponds to DNA-5. Conditions for electrophoresis were exactly the same as in Fig. 1 and approximate mobilities can, therefore, be compared. generated by partial enzyme treatment of nuclei contain a DNA fragment of 170 to 200 base pairs (4) and have a protein to DNA ratio of 1.3, corresponding to about 10 histones per particle. More extensive nuclease digestion yields a particle that sediments at about the same rate, but contains a collection of discrete DNA molecules of about 100 base pairs (6) . The latter particles have a slightly higher protein to DNA ratio, indicating that slightly more DNA is digested, even though the sedimentation rate hardly changes. Yet, the size of the associated DNA fragments is about half, suggesting to me that the nuclease-particles obtained from extensive digestion contain two DNA molecules per particle rather than one.
These findings as well as our own data are explained by the model shown in the upper left of Fig. 6 . In this model, chromosomal DNA is seen as a series of loops which are-held in place by the crosslinking (2) action of groups of histones, their N-termini arranged predominantly along one side and their C-termini along the other side of the loop. There are two kinds of nuclease-sensitive open regions, one at the apex of each loop and another at the base. Complete (ligestion of this proposed structure by nuclease would result in the production of several types of particles distinguished by different lengths of DNA and possibly by different ratios or conformations of histones. Trypsin treatment of these particles, which digests the basic N-terminal histone "arms" (perhaps "elbow" might be a better description) (2), would release both discrete protein-free DNA fragments and protein-associated DNA fragments, as we have observed.
If this scheme is correct, an important conservation of symmetry must be observed. When the enzyme treatments are reversed, generating tryp-staph particles, gel electrophoresis of the products should show ST bands 1 to 5 (but not the protein-free DNA bands, ST-6-8) (Fig. 3) (6) and, in doing so, fold the DNA into an even more tightly packed conformation. The number or types of histones within a given loop may vary, but in general the data is consistent with from 6 to 10 histones per loop (4, 6) .
Inset: A possible explanation for the sensitivity of ST-1 and 2 to nuclease after, but not before, trypsin treatment. Instead of a contiguous arrangement of histone N-terminals along one arm of the loop, the N-terminals are thought to be arranged in an antiparallel arrangement. ST-1 and 2 correspond to DNA-1 and 2, respectively (see Table 1 ). The DNA in the loop is sensitive to nuclease after, but not before trypsin treatment.
explanation, one possibility is that ST-1 and 2 originate from nuclease-particles in which the histones are in a different conformation. An example is shown in the inset to Fig. 6 , where histone N-terminals are not all aligned along one side of a DNA loop, but instead alternate in an antiparallel arrangement.
The Complexity of Chromosome Sub-Structures. The qualitative finding (Fig. 4) that the same histones are found in different types of structures (as reflected by the different electrophoretic mobilities of the structures after nuclease and trypsin treatment) offers a further explanation for the conservation of histone sequences during evolution, since the extent to which these sequences can diverge is clearly more restricted if they must form several different types of substructures than if they form only one.
In summary, these experiments lead to the conclusion that histone-histone and histone-DNA interactions are complex, with several different packing patterns present in the interphase -chromosome. Our particular model for chromatin structure, proposed in Fig. 6 , is consistent with the general view of chromatin structure recently elaborated by others (13) (14) (15) . However, it extends these models both in indicating how histones might fold the nuclease-particles by crosslinking the DNA, and in accommodating the fact that histone aggregates, as revealed in the nuclease-particles, are clearly heterogeneous. How this complexity is generated and how it is used remains to be explained. 4 and his suggestions, Richard Blumenthal for technical assistance, and the National Science Foundation (GB 40148) and American Cancer Society for support.
